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virtual tags, the output of a translation unit is used to check the physical tags. This is particularly useful for context changes 
where one physical address can be associated with several virtual addresses. Additionally, the physical address tag 
storage section is a dual ported array allowing snooping of external bus addresses while serving its processing unit. 
The specification also discloses other aspects of a versatile each memory, including, 

1 . a line buffer for receiving cache line fills before they enter the cache, such that the pro 
instruction of the line without waiting for the entire line of 8 instructions. 

2. selectable cache consistency protocol, eg: write-through, write-back, write-once. 

3. controlling the order in which data is written back to main memory, eg: strong or weak ordering. 
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VERSATILE CACHE MEMORY 
BACKGROUND OF THF INVFNT| O f\ | 

1. Field of the Invention. 

The invention relates to the field of cache memories, particularly those 
which operate in a multiprocessor environment. 

2. Prior Art. 

The present invention describes several improvements in a cache 
memory and related logic which is implemented in a RISC microprocessor. 
This RISC processor is an improved version of the commercially available Intel £ 
860 processor. The improved cache memory and related logic is particularly 
applicable to a multiprocessor environment employing a shared bus. 

The Intel 860 microprocessor, in addition to being commercially 
available, is described in numerous printed publications such as i860 
Microprocessor Architecture,, by Neal Marguiis, published by Osborne McGraw- 
Hill, 1990. 

The Intel 860 microprocessor and other microprocessors having cache 
memories, access these memories with virtual addresses from a processing 
unit. The virtual address is translated by a translation unit to a physical address 
and if a miss occurs, an external memory cycle is initiated and the physical 
address is used to access main memory. Typically, it is more desirable to 
access the cache memory with virtual addresses since accessing can occur 
without waiting for the translation of the virtual address is to physical addresses. 

In a multiprocessor or multitask environment, several virtual addresses 
may be mapped to a single physical address. While this does not present an 
insurmountable problem in the prior art, there are disadvantages in using the 
prior art virtual address-based cache memories in this environment. As will be 
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seen the present invention describes a cache memory more suitable for the ' 
multiprocessor/multitask environment 

In organizing a cache memory, certain trade-offs are made between line 
size, tag field size, offset field size, etc. Most often these trade-offs result in a 
5 line size substantially wider than the data bus and typically a cache line 

contains several instructions. For instance, in the Intel 860 microprocessor, a 
cache line is 32 bytes, the data bus is 8 bytes and an instruction is 4 bytes. 
When a miss occurs for an instruction fetch, the processing unit must wait until 
an entire line of instructions (8 instructions) is received by the cache memory 

1 0 before instructions are provided from the cache memory to the processing unit. 
As will be seen, the present invention provides a line buffer which eliminates 
this waiting period. 

There are numerous well-known protocols for providing cache 
coherency, particularly in a multiprocessor environment. Some processors 

t5 which include cache memories (e.g., Intel 486) use a write-through protocol. 
When a write occurs to the cache memory, the write cycle "writes through" to the 
main memory. In this way, the main memory always has a true copy of the 
current data. (For this protocol, the cache memory classifies the data as either 
being invalid or, in the terms of this patent, "shared"). In other processors a 

20 deferred writing protocol is employed, such as the write-back protocol used in 
the Intel 860. Here the data is the cache memory is either classified as being 
invalid, exclusive or modified (dirty). Another protocol with deferred writing 
employed by some systems is a write-once protocol. With this protocol, data in 
the cache memory is classified as either invalid, exclusive, modified or shared. 

25 These protocols and variations thereof, are discussed in U.S. Patent No. 
4,755,930. 
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As will be seen, the present invention allows a user to select one of three 
protocols. A processor employing the present invention includes several 
terminals (pins) for interconnecting to other processors that enable cache 
coherency in a multiprocessor environment with a minimum of circuits external 
5 to the processors. 

Maintaining the order of data written to main memory is often a problem, 
particularly where memory is accessed through a shared bus. Buffers are 
sometimes employed to store "writes" so that they may be written to main 
memory at convenient times. A problem with this is that some mechanism must 
1 0 be provided to assure that the data is written to main memory in the order it is 
generated. As will be seen, the present invention provides a mechanism which 
is adaptive in that it permits both strong ordering and weak ordering of writes 
based on certain conditions. 
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SUMMARY OF THE lNIVFNJT| Of\| 

An improvement in a digital processor having a processing unit, a cache 
memory and a translation unit is described. The cache memory has a storage 
section for storing virtual address tag fields which are coupled to the cache 
5 memory from the processor. These virtual addresses are also coupled to the 
translation unit and are converted to physical addresses. The cache memory 
also includes a physical address tag storage section for storing the tag fields of 
physical addresses. The addresses from the translation unit and addresses 
from an external address bus (for "snooping") are coupled to this section. If a 

1 0 miss occurs for a virtual address, this address is translated and the 

corresponding physical address tag field is compared to the tag fields stored in 
the physical address tag section, if a match occurs there, the associated data (if 
valid) is provided and the virtual address tag storage section is updated with the 
virtual address tag field. If no match is found, the physical address is then used 

1 5 in an ordinary memory cycle to access the main memory. 

Other aspects of the present invention will be apparent from the following 
detailed description of the invention. 
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BRIEF DESCRIPTION OF T j-|E DRAWINGS 

Figure 1 is a block diagram of a portion of the invented cache memory 
showing its coupling to a processing unit, translation unit and main memory. 
The virtual tag storage and physical tag storage sections are shown in Figure 1 . 

Figure 2 is a flow diagram illustrating the logic implemented by the block 
diagram of Figure 1. 

Figure 3 is a block diagram illustrating the line buffer employed in the 
cache memory of the present invention. 

Figure 4 is a diagram illustrating a processor interface and more 
particularly, some of the signals applied to and provided by the processor which 
includes the invented cache memory. 

Figure 5 illustrates the connection made to a terminal of a processor 
which includes the invented cache memory and a state diagram illustrating the 
implementation of a write-through protocol in the processor. 

Figure 6 illustrates the connection made to a terminal of a processor 
which includes the invented cache memory and state diagrams illustrating the 
implementation of a write-back protocol in the processor. 

Figure 7 illustrates the connection made to a terminal of a processor 
which includes the invented cache memory and state diagrams illustrating the 
implementation of a write-once protocol in the processor. 

Figure 8 illustrates two processors, each of which contain a cache 
memory in accordance with the present invention and their interconnection. 

Figure 9 is a state diagram used to describe the operation of the 
processors of Figure 8. 

Figure 10a is a state diagram used to describe the operation of the 
processors of Figure 8 for a snoop hit to the S state. 



Figure 10b is a stale diagram used io describe the operation of the 
processors of Figure 8 for a snoop hit to the E state. 

Figure 10c is a state diagram used to describe the operation of the 
processors of Figure 8 for invalidating snoop hit to the E state. 
5 Figure 1 1 is a flow diagram illustrating the logic implemented in the block 

diagram of Figure 13 for the strong ordering mode. 

Figure 12 is a flow diagram illustrating the logic implemented in the line 
buffer of Figure 3. 

Figure 13 is a block diagram illustrating the cache memory and 
1 0 associated logic for the ordering modes. 



£QM£BJPE SCRIPTION of the prfrfnt iMVFN T | n N 

An improved cache memory and associated logic is described. In the 
following description, numerous specific details are set forth, such as specific 
number of bits, in order to provide a thorough understanding of the present 
invention. It will be obvious, however, to one skilled in the art that the present 
invention may be practiced without these specific details. In other instances, 
well-known circuits have been shown in block diagram form in order not to 
unnecessarily obscure the present invention. 

The word "data" is used throughout the application to indicate binary 
information. In some instances "data" is used in a somewhat generic sense to 
include, for example, constants, instructions or countless other fields stored in 
memories. In the currently preferred embodiment of the present invention, 
instructions (data) are stored separately in the cache memory from non- 
instruction data. This will be pointed out where appropriate. 

The currently preferred embodiment of the invented cache memory is 
incorporated in a single chip, 64-bit RISC microprocessor. The processor may 
be realized employing well-known complementary metal-oxide-semiconductor 
(CMOS) technology or other technologies. This specific technology used to 
fabricate the processor is not critical to the present invention. Moreover, the 
present invention is directed to a cache memory suitable for use with a 
microprocessor. For the most part, only those portions of the processor which 
bear on the present invention are described. 

As mentioned in the Prior Art section, the processor which incorporates 
the invented cache memory is an improved version of the Intel 860. Many of the 
inputs and outputs of this commercially available RISC processor are used in 
the processor which incorporates the cache memory of the present invention. 
Also as mentioned, an excellent reference describing the Intel 860 is iS£Q 
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Mwmoss^^ by Neal Margutis, published by Osborne McGraw- 

Hill, 1990. 

The invented cache memory is divided into a data (non-instruction) 
cache and an instruction cache. Both are four-way set associative with a line 
width of 32 bytes. Both store 16KB of data. Each tag field is 20 bits; an offset 
field oi 7 bits is used to form an entry number into the banks of data storage. As 
will be described later, both physical tags and virtual tags are stored for the non- 
instruction data storage. The physical tags are stored in a dual-ported storage 
array which allows examination of both addresses on an external bus 
(snooping) as well as physical addresses from the translation unit. The cells 
used in this array and the accompanying circuitry which permit a one cycle 
read/modify write cycle are described in co-pending application "Dual Port 
Static Memory with One Cycle Read-Modify-Writa Operation", Serial No. 
458,985, filed December 29, 1989, and assigned to the Assignee of the present 
invention. The remainder of the storage for the cache memory is realized with 
ordinary six transistor cells (static, flip-flop cells), except for the line buffer which 
uses master-slave cells. Both the virtual addresses and the physical addresses 
each comprise 32 bits as is the case with the Intel 860. 

QmsU msms Of t hP Vlr tH nLfflMtaadca Lfaq Storaos and Qpjsrfe 



Referring to Figure 1, a processing unit 15. is illustrated which may be the 
same as the processing unit found in prior art processors such as the Intel 860. 
This processing unit is coupled to a bidirectional data bus and to a virtual 
25 address bus. The data bus is coupled to an external data bus 26. Virtual 
addresses are coupled over the bus to the cache memory and to a translation 
unit 20. The tag fields of the addresses are coupled to a virtual address tag 



storage section 22. The offset fields of the addresses are coupled to the data 
cache 23. The offset fields provide entry numbers (line select) into the banks of 
the dala cache 23. The index field is not shown. In addition to storing virtual 
tags, physical tags are also stored in a physical address tag storage section 21. 
5 Each physical tag is associated with its corresponding virtual tag. 

The translation unit 20 translates the virtual addresses from the 
processing unit 15 into physical addresses in an ordinary manner. The output 
of the translation unit 20, bus 24, is coupled to an external address bus 25. The 
physical addresses (the tag field) is coupled to the physical address tag storage 
10 section 21. 

As shown in Figure 1, the main memory, address bus 25 and data bus 26 
are "off chip" that is, they are not formed on the single substrate with the 
remainder of the processor, in the currently preferred embodiment. As is the 
case with the Intel 860, the cache memory, processing unit, translation unit and 

1 5 other units are formed on a single substrate. 

In operation, when the processing unit 15 requests data, the virtual 
address for the data is sent to the tag storage section 22. Assume that a match 
does not occur between the tag field from the processing unit and the tag fields 
stored in storage 22, resulting in a miss condition. Simultaneously with the 

20 comparison process in the tag storage section 22, the translation unit 20 
translates the virtual address into a physical address. The tag field of the 
physical address is then coupled to the tag storage section 21 (for non- 
instruction data). Again, it is compared with each of the physical tag fields 
stored in the tag storage section 21. Assuming again that there is no match and 

25 that a miss condition occurs, a read memory cycle is initiated and the physical 
address is used to access the main memory 18. If the data sought is 
"cacheable", then the corresponding virtual address and physical address for 
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the data is stored in the sections 22 and 21, respectively, and the data from 
main memory is stored in the data cache 23. 

Referring to Figure 2, assume again that the processing unit provides a 
virtual address as indicated by block 28. This address is again coupled to the 
virtual address tag storage section 22. As indicated by block 30, the 20 bit tag 
field of the virtual address from the processing unit 15 is compared with the 20 
bit tag fields stored In the virtual address tag storage section 22 as indicated by 
block 30. If a match occurs, then, as indicated by block 23. the data (if valid) is 
obtained from the data cache 23 in an ordinary manner using the offset and 
index bits as is well-known in the art. Whiie the comparison is occurring for the 
virtual tags, the translation unit 20 is translating the virtual address to a physical 
address as indicated by block 29 in Figure 2. The tag field of the physical 
address is coupled to the physical address tag storage section 21 and 
compared to the 20 bit tag fields stored there. If a miss occurred for the virtual 
tag, but a hit occurs for the physical tag, the data is selected from the data cache 
based on the hit in the physical tag section again using the offset and index bits. 
(These bits are the same for the virtual and physical address.) Also for this 
condition, as Indicated by block 35, the virtual address tag field is placed into 
the virtual address tag storage section 22 in a location that corresponds to the 
tag field of the physical address that produced the hit. 

If a miss occurs both for the virtual and physical tags, an ordinary memory 
cycle is initiated and data is read from the main memory. If the data is 
cacheable, then as indicated by block 32, the virtual address tag storage 
section and physical address tag storage section, in addition to the data itself, 
are updated. 

When there is a task/context change for the processor, all the virtual tags 
in section 22 are invalidated. The data in the cache 23 as well as the physical 

10 
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tags in section 21 remain. The translation unit is typically reprogrammed at this 
time with the mapping for the new task. When the processing unit 15 next 
generates a virtual address, no hit is possible within section 22. However, a hit 
is possible within section 21 and if one occurs, the data is provided from the 
data cache 23 and the tag field for the virtual address is loaded into section 22 
in the location corresponding to the physical tag field that produced the hit. 

Where more than one task is run on a processor, it is not unusual for a 
single physical address to have more than one corresponding virtual address. 
Thus, when there is a change from one task to another, a different virtual 
address may be requesting data previously stored in the data cache 23 in 
association with another virtual address. Since the physical tags are compared, 
the data will be found in the cache 23 without resorting to the main memory 18.' 

Another advantage to the memory cache shown in Figure 1 , particularly 
for multiprocessor applications, is that physical addresses on the external 
address bus 25 can be compared to the tags within section 21 and it can be 
readily determined as will be discussed later, if a particular cache has the latest 
version of data. The physical tag section 21 is a dual ported storage array 
making it possible to snoop while performing the function described above. 

Line Buffer 

The use of the virtual and physical tag fields as discussed in conjunction 
with Figure 1 , in the currently preferred embodiment, is used only with the non- 
instruction data section of the cache memory. It could however, be used for the 
instruction storage section. The line buffer improvement illustrated in Figure 3 
on the other hand, is used in conjunction with the instruction storage and not for 



the non-ins.ruclion dala storage, although once again it oould bo used for non- 
instruclion data storage. 

Before describing the line buffer of Figure 3, it is helpful to review what 
happens when the processing unit seeks to fetch an instruction and a miss 
5 occurs at the cache memory. For the described cache memory, each line of 
data is 32 bytes wide corresponding to 8 instructions. When the miss occurs an 
entire line in the cache memory is filled, and then, the processing unit is able to 
retrieve the instruction (4 bytes) that it requested in that line. Consequently, 
once the miss occurs, it may be necessary that more bytes be transferred into 
1 0 the cache memory than are immediately needed before the processor is able to 
retrieve the instruction it requested. 

The line buffer shown in Figure 3 relieves this problem. Tbe portion of 
the cache memory shown below the dotted line of Figure 3 reflects the ordinary 
cache memory which includes instruction data cache 38 (similar to cache 23, 
15 except for inaction storage) and instruction tag storage section 37. Thetag 
fields of the virtual address from the processing unit are coupled to the 
instruction tag storage section and compared in an ordinary manner with the 
stored tag fields. If a match occurs, one of the lines selected by the offset 
provides the instruction in an ordinary manner. Note, as is typically the case 
20 the offset is provided to cache 38 allowing it to select the appropriate lines at ihe 
same time that the comparison process is being carried out in the tag storage 
section 37. 

With the invented line buffer, in effect, an additional one line cache 
memory is added which is fully associative and additionally where fields of the ' 
25 data stored in the single line of data can be selected without the remainder of 
the line being present. The line buffer comprises a first storage means 42 for 
storing a virtual address (27 bits and at least one additional bit as described 
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below) and a second storage means 44 for storing the data (32 bytes plus 
additional bits which will be described). 

The storage means 42 and 44 in the currently preferred embodiment are 
fabricated using master-slave flip-flops which are well-known in the art. This 
arrangement permits reading and writing in a single memory cycle which, as 
will be seen, enables for instance, address and data to be read from the storage 
means 42 and 44 and new address and data to be read into the line buffer in a 
single cycle. 

The storage means 42 stores both the tag field (20 bits) and the offset 
field (7 bits). This is in contrast to the storage section 37 where only the 20 bit 
tag field is slored. When the processing unit seeks an instruction from the 
cache memory, not only does the comparison occur of the tag fields within the 
storage 37, but also both the tag and offset fields from the processing unit are 
compared to the tag and offset fields stored within the storage means 42. 
Ordinary comparison means are included in storage means 42 for this purpose. 

The storage means 42 includes an additional bit 43, a "valid bit". If a 
miss occurs, as will be described in greater detail, the contents of the storage 
means 42 (tag portion only) is transferred to storage section 37 and the offset is 
used to select lines within the cache 38. Then the data in storage means 44 is 
transferred into the cache 38. The tag and offset fields from the processing unit 
are then loaded into the storage means 42. The valid bit at this time is set to 
invalid. An ordinary memory cycle is used now to access the main memory. 
When the main memory returns a signal indicating that the data being accessed 
in the main memory is "cacheable" the valid bit 43 is set to its valid slate. The 
signal indicating that the processing unit has requested cacheable data is 
identified as KEN/; this signal is currently used in the Intel 860, however, not 
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with a line buffer. The use of this valid bit is described in conjunction with 
Figure 12. 

The storage means 44 is divided into four sections, each 64 bits wide. In 
addition, each of the sections include an additional bit used to indicate if the 
data in its respective section is valid. For example, 8 bytes (2 instructions) are 
stored in the section 45. The bit 49 is used to indicate if the data in section 45 is 
valid. Similarly, there are bits associated with the sections 46, 47 and 48; there 
is one additional bit 51 , used to indicate the validity of the entire line. This bit 
corresponding to the valid bits used in cache 38. 

In the currently preferred embodiment, the data bus is 64 bits wide and 
hence, for each memory cycle a single section of the storage means 44 is filled. 
Assuming that data is loaded into the storage means 44 from" left to right for a 
typical line fill, first the storage section 45 is filled on a first memory cycle and 1 
the valid bit 49 is set to its valid state. All the other valid bits associated with the 
storage means 44 remain in their invalid state. As more memory cycles occur, 
loading data Into sections 44, 47 and 48, the associated valid bits for each of 
these sections change to their valid state. Once all the sections have valid data, 
the bit 51 is set to its valid state. 

Data may be transferred, as will be discussed, from the first storage 
means 44 into the cache 38. When a transfer occurs the offset field from 
storage means 42 is used as an entry number into cache 38 and the data from 
storage means 44 is transferred into cache 38. Only the final valid bit 51 is 
stored within cache 38. As will be discussed, even if for example, only sections 
45 and 46 have data, a transfer of the data to cache 38 can occur. Thereafter, 
on the next two memory cycles the data for the remaining half of the line is 
directly transferred into cache 38. 



Importantly, the processing unit is able to read data from storage means 
44 before the entire line fill occurs. After a first memory cycle where, for 
instance, section 45 receives two instructions from main memory, invalid bit 49 
is set to its valid state. The processing unit through the use of the index field of 
the virtual address selects one or both of the instructions from section 45 and 
hence continues operating, even though the remaining sections 46. 47 and 48 
have not been filled with instructions from main memory. This is in contrast to 
filling the entire line in cache 38 before such accessing is possible with the prior 
art. In effect, one may look at this as a "fifth way" set associativity. 

Referring now to Figure 12, assume that the processing unit seeks to 
read an instruction as shown by block 55. The address (both tag and offset 
fields) for this instruction are coupled to the storage means 42 and compared 
with the contents of the storage means. Simultaneously, the tag field for the 
instruction, in an ordinary manner, is compared with the tag fields stored within 
section 37 white the offset field selects lines in cache 38. A hit can occur either 
within the section 37 or the storage means 42. If a hit occurs within section 37, 
the instruction is provided in an ordinary manner from the cache 38. If the hit 
occurs because of the contents of the storage means 42 (both the tag and offset 
fields must match) then the appropriate data is selected from storage means 44, 
of course, assuming it is valid. 

Assume that the fetch illustrated by block 55 results in a miss both in the 
storage means 42 and section 37. This miss causes an external memory cycle 
to be initiated, that is, the processor seeks to obtain the instruction from main 
memory. While this is occurring the valid contents, if any, of storage means 42 
are moved from the storage means. (In fact, the contents of the line buffer are 
written to cache while doing the next linefill of the line buffer). The tag field is 
transferred to section 37 and replaces a tag field stored within section 37 under 
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a predefined replacement algorithm (e.g., random replacement,. The offset 
field from the storage means 42 provides ,he entry number to allow the data 
from the storage means 44 to be transferred to caohe 38. The tag and otfset 
fields o, the address that caused the miss are then transferred into the storage 
5 means 42. This is shown by block 56. 

Assume now that the address loaded into storage means 42 is 
cacheable; once the KEM signet has been returned, the bit 43 is set to its valid 
state. If the data sough, is „ 0 , enable, on the next miss the new address is 
loaded into the storage means 42 and its previous contents discarded. 

Once the data is returned from main memory, and is loaded into at leas, 
one o, the sections o, ,he storage means 44 i, is available to ,he processing uni, 
as previously discussed. Typically in processor operation because of ,he 
Pipelining, the next instruction will be fetohed before , he previous instruction 
has been relumed from main memory. This is shown by block 58 is Figure 12 
15 Two possible conditions are shown once this next instruction fetch occurs One 
•s a hi, a, ,he line buffer and the second is a miss at the line buffer. Another 
possibility is ,ha, a hi, ocow within section 37 and in this even, the instruction is 
selected from storage 38 afterthe previous instruction is return from main 
memory. 

20 Assume now tha, a miss occurs a, the line buffer. As shewn by block 59 

the data contents, if any, are moved ,o the caohe 38 with the offse, field from the 
storage means 42 providing an entry number as previously discussed and with 
a tag field from storage means 42 being entered into section 37. This clears the 
way for the new instruction address to be placed into storage means 42 An 

25 ~memon,cyoleisini,iatedand,nenewdata,oncere.urnedfro m main 
memory, is placed within the storage means 44. 



If a hit occurs in the line buffer for the next instruction fetch, such hit could 
occur either before or after the previous instruction has been returned. If it 
occurs before the previous instruction has been returned as indicated by block 
60, the following indicators are present: the address valid bit 43 is in its valid 
state and the valid bit associated with the previously requested instruction is in 
its invalid state. Under these conditions, the processing unit knows that the 
previous instruction is on its way from main memory and that it should wait for 
the instruction as indicated by block 60. If, on the other hand, the hit occurs after 
the previous instruction has been returned, the valid bit associated with the 
instruction, for example bit 49. is in its valid state and the processing unit can 
read the instruction from the storage means 44 once the previous instruction 
has been, of course, taken by the processor. 

Thus, the line buffer of Figure 3 permits the processing unit to proceed 
before an entire line fill occurs and thereby saves the time normally associated 
with filling an entire line in a cache memory. 

Implementation pf f ^che Coherency Protocols 

In the following description, the known protocols write-through, write- 
back and write-once are discussed. In this connection the letters "M", "E", "S" 
and "I" are used; sometimes these letters are referred to collectively as MESI. 
For the write-once protocol "I" indicates that the data is invalid, "S" indicates that 
the data is shared, for example, that the data in addition to being in main 
memory, is in another cache memory. "E" indicates that the data is exclusive, 
that is, it is in only one cache memory and main memory and not in other cache 
memories. "M" indicates that the data is modified, and that the data in main 
memory is incorrect. As currently implemented, each line of data (non- 
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instruction data) includes bits to indicate one of the four protocol states "M", "E", 
"S", T. For the write-through protocol only the "I" and "S" states are used; for ' 
the write-back protocol the "I", "E" and H M" states are used. 

Importantly, as will be seen, the processor can implement any one of the 
5 three protocols. Figure 8 shows two processors interconnected, as can be done 
with the present invention, to provide a write-once protocol. In this regard, there 
are several terminals or pins associated with the processors which are not 
found on the Intel 860. 

Referring first to Figure 4, the processor terminals and the signals on 
1 0 these terminals, insofar as they are needed to understand the various protocols 
are shown. Line 62 is intended to be the demarcation between the processor 
(chip) and its external environment. Hence, above the line 62 is internal to the 
processor and below the line external to the processor. 

Beginning at the far left, the bidirectional data bus is shown. Also, there 
15 is a bidirectional address bus; this bus. as mentioned, is able to sense ' 
addresses on the external address bus and for this reason is bidirectional. 
There are two address strobes, EADS\ and ADSV When the EADS\ signal is 
low, the external addresses are valid. Similarly, when the ADS\ signal is low, 
the internal addresses are valid. 
20 A protocol selecting terminal is provided which permits selecting of the 

protocols. This terminal is identified as WB/OT (write-back/not write-through). ' 
The connections made to this terminal are described later. 

The commonly used signal which indicates whether a memory cycle is a 
write or read cycle (W/R\) is also shown in Figure 4 since it is subsequently 
25 discussed. 

The processor receives a signal which indicates to the processor that it 
should invalidate data. This signaf is shown as "INV". When the processor is 



sensing external addresses (snooping) if this signal is high the processor 
places the corresponding data (if found in its cache memory) in the invalid T 
state. 

The "BOFFV signal, when applied to the processor, causes the processor 
5 to back off from completing a memory cycle. The use of this signal is described 
later. 

The processor receives the EWBE\ signal, "external write buffer not . 
empty". This signal is low when the external right buffer is empty. 

The HIT\ signal is provided by the processor when a hit occurs for an 
0 externally sensed address. This signal is nominally high and drops in potential 
when a hit occurs and the corresponding data is in the "E". "S", or "M" states. 
The HITM\ signal drops in potential when a hit occurs for an externally sensed 
address and the corresponding data is in the "M M state. Thus, if the processor is 
snooping and the corresponding data is in the "M" state, both the HIT\ and 
HITM\ signals drop in potential. 

Finally, the HOLD\ signal causes the processor to, in effect, halt 
operations. This is used in connection with a bus arbitrator and shall be 
described in conjunction with Figure 8. 

In the following discussion, the states of the bits representing "M", "E H , "S" 
and "I", for the different protocols are discussed along with the conditions under 
which they change. This is illustrated in terms of state diagrams rather than, for 
example, gates. This is done to provide a clearer understanding of the present 
invention. It will be obvious to one skilled in the art that ordinary logic may be 
used to implement the state diagrams. 

Figures 5, 6 and 7 show the connection made to the WB/WT\ terminal to 
obtain the different protocols. These figures apply to a case where a single 
processor is used in a system. 
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Referring first to Figure 5, assume that the processor 63, which contains 
the invented cache memory and its associated logic, has its WB/WT\ terminal 
connected to ground. This implies that write-through is true and hence, that the 
write-through protocol is implemented. For the write-through protocol, the data 
is either in the invalid (I) state or the shared (S) state which, for a single 
processor environment indicates that the data in the cache memory is valid. 
With the ground potential coupled to line 66, the cache memory only associates 
the T or "S" state with each line of data. If the processor initiates a read cycle, 
the data read into the cache memory is valid as indicated by the change of state 
from "I" to "S" (arrow 71 ) shown in Figure 5. If the processor reads the data from 
the cache memory, the data remains in the "S" state as indicated by arrow 73. 
The data can be invalidated as indicated by arrow 72 by, for example, the 
purging of data from the cache memory. 

Referring to Figure 6, the processor 64 is shown which may be identical 
to processor 63 except that its WB/WT\ terminal is connected to Vcc (e.g., 5 
volts) by line 65. This implies that the write-back protocol is in use and that 
therefore, for each line of data, the bits indicating "i\ "E" or "rVT apply. When a 
line fill occurs, the state changes from invalid to "E" indicating that the processdr 
has as 

good a copy as is found in the main memory. If a write hit occurs, the state 
changes from "E M to "M". The states and their transitions for the write-back 
protocol are as currently used in the Intel 860. 

Referring to Figure 7, the processor 65 which again may be identical to 
the processors 63 or 64 is shown. This time the WB/WT\ terminal is connected 
to line 67 by line 66, line 66 being the W/R\ terminal. This connection provides 
the write-once protocol. For example, after every line fill, the line will be in the 
"S" state because W/R\ is low for read cycles. This is shown in Figure 7 by 



arrow 74 and corresponds to the arrow 71 of Figure 5 where line 66 is 
connected to a tow potential (ground). The subsequent write to this line will be 
write-through's to main memory because of the "S" state. When doing the first 
write, the processors samples the WB/WT\ terminal and determines that it is 
high because of the write cycle and changes state to the "E" state as shown by 
arrow 75 (write-once). All subsequent writes to this line will not show up on the 
bus because of the change to the M M" state as shown by arrow 76. 
Consequently, the write-once protocol is realized. 

Referring now to Figure 8, two processors 76 (P1) and 77 (P2) are shown 
coupled to a shared dala bus 81 and a shared address bus 82. The processors 
76 and 77 may be identical to the previously discussed processors, that is they 
include the cache memory of the present invention and its associated logic. 

The shared bus 81 and 82 are coupled to main memory 79 and an 
external write buffer 78 which shall be subsequently described. 

In Figure 8 the various interconnections for the processor 76 and 77 are 
illustrated that implement write-once protocol for shared data (HIT\ asserted for 
snooping processor whiie the other processor is doing a lineJill). As will be 
seen, these interconnections permit the coherent caching with a minimum of 
glue logic. 

As shown by lines 84 and 86, the output address strobe terminal (ADS\) 
from one processor is coupled to the external address strobe terminal of the 
other processor. This assures that each of the processors snoops on each 
others cycles. That is, when processor Pi puts out an address on bus 81, the 
ADS\ strobe signal on line 86 causes processor 77 to read the address. Note 
that this strobe signal may be coupled to other components in the system such 
as the buffer 78 and memory 79. 
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This HIT\ terminal of one processor is coupled to the WB/WT\ terminal of 
the other processor by lines 82 and 85. This assures that when one processor 
is reading data to fill a line in its cache memory, and the other processor has the 
same data, the processors will indicate that the data is in the "S" state. This 
does not occur if the HITM\ signal is tow as wili be described later in conjunction 
with the BOFR signal. 

Assume that processor 76 is reading a line of data from main memory for 
its cache memory and that that line is also present in processor 77. Assume 
further that the line is processor 77 is in the "E" state. The hit signal on line 82 
drops in potential causing the data read into processor 76 to be in the "S" state 
as shown by line 93 of Figure 9. In the case of processor 77 which is snooping, 
the "E" state changes to the "S" state as indicated by tine 100 of Figure 10b. For 
the processor 77 the HITV signal is low indicating that the data is present in the 
processor 77. However, the HITM\ signal is high since the data is not in the "M" 
state. Also, since this is a read cycle by processor the invalid signal on line 
87 remains low. Consequently, both processors will indicate the data is in the 
"S" state, that is the data is shared by the cache memories. 

The W/R\ signal of one processor is connected to the INV terminal of the 
other processor. This ensures invalidation of the data in one processor while 
the other processor is writing. Lines 83 and 87 of Figure 8 accomplish this. 

Assume that processor 76 is writing and that data for that address is 
found in processor 77. The signal on tine 87 will be high, causing the 
corresponding data in processor 77 to assume the "I" state. This is shown in 
Figure 10a by arrow 97, in Figure 10b by arrow 98 and in Figure 10c by arrow 
99. Also as shown in Figure 10a, when the data in the processor 77 is in the "S" 
state for the described conditions, the HITV signal will be low and the HITM\ 
signal will be high since the data in the cache memory is in the "S" state, not "M" 
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state. In Figure 10b, when the data is in the "E" state, it also changes to the T 
state as indicated by arrow 98, once again the HJTV signal is high. A transition 
occurs from the "M" to "S M state if the INV pin is active with EADSV 

In Figure 10c if the data in processor 77 happens to be in the "M" state, 
as indicated by arrow 99. it is invalidated. Note that the HIT\ and HITM\ signal 
are both in their low states. 

When a processor is snooping and senses that another processor is 
reading data, if the processor is already in the "S" state, it remains in the "S" 
state as shown by arrow 76 of Figure 10a. Here the snooping processor 
indicates that a hit occurred and that the data is not in its modified slate. 

As shown in Figure 8, the HITM\ terminal of one processor is coupled to 
the back-off terminal of the other processor and also to the bus arbitrator by 
lines 91 and 92. This assures that when one processor contains modified data, 
the other processor is prevented from reading invalid data from the main 
memory. For example, if processor 76 contains modified data, the data at the 
corresponding address in the main memory 79 is incorrect. If processor 77 
should attempt to read that data, the HITM\ signal on line 91 will go low causing 
the processor 77 to back off. This will be explained later. 

The remainder of Figure 9 shows the standard updating for the write- 
once protocol for a processor, such as either processor 76 or 77 as it reads and 
writes. As indicated by the arrow 94, once in the "S" state, a processor may 
read from its cache memory without changing the "S" state. As indicated by 
arrow 95, once a processor writes to its cache (first write) the state changes to ' 
"E" and the data is read into the main memory. When another write occurs to 
that location, it changes state to the "M" state as indicated by arrow 101 
indicating that the only true copy of the data is contained in the cache memory. 
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This -M" stale and in particular, the HITM\ signal prevents the other processor 
from reading the incorrect data from the main memory.. 

Assume forsake of discussion that processor 76 contains data in the "M" 
state and that processor 77 seeks to read data at that address from main 
5 memory 79. Processor 76 is in the snoop mode at this time and recognizes the 
address on the main bus. Both its HIT\ and HITM\ drop in potential. This signals 
the processor 77 that the main memory is out of date. Specifically, the signal on 
line 91 forces processor 77 to back off. and not to read the data from main 
memory. The bus arbitrator 80 which is coupled to lines 91 and 92 senses the 

1 0 signal on line 91 and knows that it must allow the data to be flushed from 

processor 76 before processor 77 can read. The bus arbitrator 80 nominally, ' 
through the hold terminals of both processors, allows them to proceed. 
However, under certain conditions, such as described above, the arbitrator 80 
holds one processor, allowing the other to go forward. Here the arbitrator holds 

15 processor 77 allowing processor 76 to update the main memory 79. Then the 
processor 77 is released allowing it to read the data it is seeking from main 
memory. 

The bus arbitrator 80 typically performs other well-known functions, 
however, for purposes of the present invention, only its function as it relates to 
20 the present invention is described. 

Strong Oa ring, q nd Weqk Ordering of Writes m M^ n 

The processor of the present invention employs an internal write buffer 
25 17 shown in Figure 1. This buffer operates in a well-known manner to store 
data and addresses for writing to external memory except as discussed below. 
Additionally, the invented processor is adapted to operate with an external 
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buffer 78 shown in Figure 8. This buffer provides temporary storage for data 
intended to be written into the main memory 79. These buffers permit data to be 
written into the main memory when buses are not busy. The externa! buffer 78 
provides a signal (EWBB) on a line 88 (of Figures 1 1 and 1 3) indicating when 
5 the external write buffer is empty. The signal is shown coupled to the write 
ordering control circuit 120 on line 121 in Figure 13. There is a similar signal 
IWBE\ coupled to circuit 120 on line 122 which indicates when the internal write 
buffer is empty. 

There is an inherent problem when write buffers are used and where 
1 0 cache memories snoop as described above. This problem involves the 

ordering of data written to memory. It occurs, since from an external observer's 
standpoint, ("other" processor) access of a snooping cache is equivalent to 
main memory access. On the other hand, data in the write buffers (waiting to be 
written into main memory) is not seen as a main memory update. 

1 5 Consequently, any snooping cache with write buffers can cause a memory 
access ordering problem. The problem becomes more severe in a write-back 
protocol since consecutive writes cause worsening problems. 

The present invention provides two distinct write ordering modes. One is 
referred to as the weak ordering mode and the other the strong ordering mode 

20 (SOM). The processor is locked into the strong ordering mode if the EWBB line 
is active during the last three clock cycles of the reset period, otherwise the 
weak ordering mode is engaged. To change modes requires resetting. A SOM 
bit is placed in an internal control register so that the software is able to check 
the ordering mode. Referring to Figure 13, the circuit 120 receives the reset 

25 signal and examines line 88 during the reset period to determine if the strong 
ordering mode or weak ordering mode Is selected. 
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In the weak ordering mode, writes to cache are permitted even with data 
in the buffers. When a modified line is flushed from the data cache, the 
processing unit examines pending write cycles in the write buffer for data 
associated with the same line. If such data is found, it is invalidated. 
Consequently, in the weak ordering mode, the modified line contains the 
pending write data and a double-store is prevented. As will be seen from the 
following discussion, this is in contrast to the operation of the strong ordering 



mode. 



Referring to Figure 11, blocks 102 through 107 demonstrate the overall 
operation during the strong ordering mode. First assume that a processor 
requests a write cycle as shown by block 102. Furthermore, qssume a miss 
occurs in that processors cache memory as shown by block 103. Next, it is 
assumed that the data is written into the external buffer 78 as shown by block 
105. For these conditions the EWBE\ signal is high. Now further assume as 
shown by block 106, that the same processor or another processor requests a 
write cycle and a hit occurs in its cache memory as shown by block 106 and 
107. When the hit occurs, the processor determines whether there is data in the 
external write buffer by sensing the EWBE\ signal, and additionally determines 
whether there is data present in its internal write buffer by sensing the IWBB 
signal as shown by block 108. If either signal is high as it is for the described 
conditions, the processor is stopped as shown by "FREEZE PIT in block 109. 
The cache memory is not updated until all the data has been written, into the 
main memory from the external write buffer and internal write buffer as shown 
by block 1 1 0. If the internal and external buffers are empty, the cache may be 
25 updated as shown by block 111. 

All buffers must be empty before the requested write proceeds to update 
the cache. The internal check is done since "M" data in the cache may be 
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flushed from the cache to the main memory before an earlier write associated 
with a miss reaches the external write buffer. 

As mentioned, the updating of the cache associated with the hit shown 
for block 107 is not written into cache until the buffers are empty and 
additionally, until the data associated with this hit is safely stored in external 
memory. This is done to avoid having the line invalidated during the period in 
which the processor waits for the write buffers to be emptied. 

Consider the following example: first assume the write buffers are empty. 
A line of data in one of the cache memories is in the "M" state with its virtual tag 
in the "I" state. A first write cycle hits the physical tag of this line and therefore 
the data cache is updated and the data is also placed on the external bus. 
Assume now that for a second write cycle a hit occurs for this modified line, 
however, the data is not written into cache memory since it must first be written 
to the external memory in order to assure strong ordering. Now. assume that a 
hit occurs to the modified line as a result of snooping, causing the line to be 
flushed from the data cache to the external memory thereby bypassing the ' 
previously mentioned two pending write cycles. The line is written back 
containing the first write data but not the second write data and the entry In the 
data cache is invalidated. The data associated with the first write is identified as 
a double-store and the request is aborted. The second write request is 
identified as a new store and proceeds after the line flush. The data associated 
with the second write continues to look up the dala cache and as the line is now 
in the invalid state, after the external write is completed, the internal request is 
aborted. 

Referring to Figure 13, the outline of the processor is shown by line 125. 
The address and data buses are shown by buses 130. As mentioned, the 
EWBE\ signal is coupled to the circuit 120 on line 88 and the internal write 
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buffer empty signal IWBEV is coupled to the circuit 120 on line 1 22. The circuit 
also receives an input which indicates when a hit occurs within the cache 
memory and a signal to indicate a write cycle. If strong ordering is selected, and 
when a hit occurs for a write cycle with the buffers not empty, the processing unit 
15 is frozen as shown by the signal on line 124. As previously described, once 
the buffers are empty, the circuit 120 releases the processing unit 15 and the 
write to the cache memory is permitted. 



Thus, an improved cache memory and associated circuits have been 
described which are particularly useful in a microprocessor where the cache 
memory is formed on a single substrate along with the processing unit and 
related units. 
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CLAIMS 

1 . In a digital processor having a processing unit, a cache memory 
and a translation unit for converting virtual addresses from said processing unit 
to physical addresses, an improvement comprising: 

said cache memory having a virtual address tag storage section, coupled 
to receive virtual address tag fields from said processing unit for enabling 
accessing of a data memory section if a match occurs for virtual tag fields in said 
virtual address tag storage section; and, 

said cache memory having a physical address tag storage section, 
coupled to receive physical address tag fields from said translation unit for 
enabling accessing of said data memory section if a match occurs in said 
physical address tag storage section. 

2. The improvement defined by claim 1 wherein there is a correlation 
between said virtual address tag storage section and said physical address tag 
storage section such that when a match occurs in said physical address tag 
storage section, a corresponding location in said virtual address tag storage 
section is identified. 

3. The improvement defined by claim 2 including means for coupling 
said physical address tag storage section to receive physical address tag fields 
from an address bus external to said processor. 

4. The improvement defined by claim 2 wherein said physical tag 
storage section includes a dual ported storage array. 
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5. The improvement defined by claim 1 wherein when no match is 
found in said virtual address tag storage section for a virtual address tag field 
from said processing unit followed by a match in said physical address tag 

5 storage section for a physical address tag field corresponding to said virtual 
address tag field from said processing unit after said virtual address tag field 
has been translated by said translation unit, a location in said virtual address 
storage section corresponding to the location in said physical address tag 
storage section where said match occurred is updated with the virtual address 

0 tag field for which no match was found in said virtual address tag section. 

6. In a digital processor having a processing unit, a cache memory 
and a translation unit for converting virtual addresses from said processing unit 
to physical addresses, an improvement comprising: . 

5 said cache memory having a virtual address tag storage section, coupled 

to receive virtual address tag fields from said processing unit for enabling 

accessing of a data memory section if a match occurs in said virtual address tag 

storage section; and, 

said cache memory having a physical address tag storage section, 
0 coupled to receive physical address tag fields from said translation unit for 

enabling accessing of said data memory section if a match occurs in said 

physical address tag storage section; 

said virtual address tag storage section and said physical address tag ' 

storage section being organized such that when a match occurs in said physical 
5 address tag storage section, a corresponding location in the virtual address tag 

storage section is identified; 
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said virtual address tag storage section being able to receive said 
address tag fields from said processing unit simultaneously while said physical 
address tag storage section is receiving said physical address tag fields from an 
address bus external to said processor. 

7. The improvement defined by claim 6 wherein when no match is 
found in said virtual address tag storage section for a virtual address tag field 
from said processing unit followed by a match in said physical address tag 
storage section for a physical address tag field corresponding to said virtual 
address tag field from said processing unit after said virtual addresslag field' 
has been translated by said translation unit, a location in said virtual address 
storage section corresponding to the location in said physical address tag 
storage section where said match occurred is updated with the virtual address 
tag field for which no match was found in said virtual address lag section. 

8. The improvement defined by claim 7 wherein said physical tag 
storage section is a dual ported storage array. 

9. In a digital processor having a processing unit, 

a cache memory and a translation unit for converting virtual addresses 
from said processing unit to physical addresses, an improvement 
substantially as hereinbefore described with reference to the 
accompanying drawings. 
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